· INTRODUCTION
The need for more world-wide uniformity and consistency in the measurement of filter rod pressure drop or draw resistance has been recognized. Methods have been pursued within the Technology Study -Group of the international tobacco research organization, Coresta':·>:·, for the past several years (1) . This need has been confirmed by collaborative pressure-drop studies (2, 2a) and by difficulties encountered in duplicating the calibration of commercially available orifice-type standards used for setting the air flow rate in pressure-drop instrumentation. The instrument described is a significant step toward meeting the need. It represents a culmination of the work on laminar-flow capillary standards (3) . It incorporates modern electronic pressure-drop measuring techniques, and, more specifically, it includes a built-in laminar-flow calibration standard. Building the calibration standard into the instrument eliminates some of the problems of external standards, such as the probability of calibration shift resulting from dirty capillaries and the need for handling several external capillaries. The instrument is designed so that the pressure drop measured conforms with the definition of pressure drop recommended by Coresta.
MATERIALS AND METHODS

Theory
A primary consideration in the design of the instrument was the C oresta-recommended definition of pressure drop of filter rods or cigarettes adopted by the Technology Study Group during the 1971 Rome session (4) . The main specifications of the Coresta definition are that the standard volumetric air flow rate of 17.5 ml!s be measured at the point of exit from the sample and that the air entering the sample must be at 22 °C, 60 °/o relative humidity, and 760 mmHg barometric pressure. The instrument contains a laminar-flow calibration stan~ dard for setting the standard air flow rate. The calibration standard chosen is a commercially available· device that effectively contains a multitude of parallellaminarflow capillaries. Laminar-flow capillary standards have previously been described in the literature (3). Two de- signs of capillary standards used for setting the flow rate in pressure-drop instrumentation that were developed prior to the development of the new instrument are shown in Figure 1 . The glass capillary above the ruler has a single hole and a tapered-joint fitting. The multitube capillary below the ruler is more compact, light-weight, and about the size of a filter rod. It has a multislotted aluminum core that is assembled into a polyethylene sheath. The standards were designed to be insensitive to changes in ambient air conditions that could affect their calibrated pressure drop. The pressure drop of laminar-flow capillaries is insensitive to changes in ambient air density if the capillary is designed so that a major portion of its pressure drop results from fully developed laminar flow. Air density changes could result from air temperature variations or barometric pressure changes associated with either weather conditions or elevation differences between manufacturing locations. The Hage. n-Poiseuille (6) equation, which relates volumetric flow rate to pressure drop for fully developed laminar flow, shows that the pressure drop in laminar flow is only dependent on fluid viscosity, capillary length, capillary diameter, and volumetric flow rate, and that the pressure drop is independent of fluid density. However, a real capillary having laminar flow will have entrance and exit pressure-drop effects which are air-density and velocity-dependent. These entrance and exit effects can be made negligible by designing the capillary so that the laminar-flow pressure-drop contribution is large compared to the pressure-drop contribution from the entrance and exit effects (7).
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Building the laminar-flow calibration standard into the pressure-drop instrument requires that the standard have undetectable entrance and exit pressure-drop effects in the normal operation of the instrument. This requirement is necessary, not only because ambient air conditions change, but also because the pressure drop of the samples inserted upstream of the calibration standard is quite variable. To minimize the entrance and exit effects, the flow should be divided among many parallel capillaries. Such a device is commercially available (Laminar-Flow Element, Meriam Instrument Company, Cleveland, Ohio, 44102, U.S.A.) (8) . The Meriam Laminar-Flow Element incorporated in the new instrument (Model 50MJ10, Type 14) had no detectable decrease in pressure drop under artificially induced barometric pressure changes up to that occurring at 1800 m elevation ( 1"<./ 19 °/o decrease in air density). It has several hundred capillary-flow paths in parallel arrangement. The pressure drop in laminar flow is dependent on air viscosity. Air viscosity is mainly dependent on air temperature, and it is virtually independent of fluctuations in air pressure and relative humidity near ambient conditions (9, 10) . A temperature increase of 2 °C from 22 to 24 °C causes a 0.7 °/o increase in air viscosity. Thus, the influence of temperature on the calibration standard is small if relatively stable temperatures are encountered in the use of the instrument. Recently, another proposal for the definition of pressure drop was submitted (5, 5 a). There are few practical differences betweeen it and the definition adopted in 1971 if the main specification of both definitions (17.5 ml!s air flow rate measured at the sample exit) is accepted. The m ajor technical difference involves the location, relative to the sample, where certain air physical properties are specified. The 1971 definition specifies the barometric pressure (760 mmHg), temperature (22 °C), and relative humidity (60 °/o) for air entering the sample. The recent proposal specifies these properties for air exiting the sample. Since the flow of air through cigarettes and filter rods is laminar (11) and if laminar-flow calibration standards are used to set the volumetric flow rate, the calibrated or measured pressure drops are independent of the density of the air as discussed before. Thus, the specification of barometric pressure may be disregarded for practical purposes. The effect of relative humidity on air density is small (12) , and it may be disregarded also. As previously discussed, the most important air physical property specified where laminar flow is concerned, is air temperature, because of its effect on air viscosity. Whether it is specified at the sample entrance or the sample exit is inconsequential.
Instrument
The simplified equipment and flow diagram of the new pressure-drop instrument is shown in Figure 2 . Note that the laminar-flow calibration standard is built into the air flow path downstream of the test sample in order to measure exit volumetric flow rate. The laminar-flow calibration standard is protected from contaminants in the air by Cambridge filter pads preceding it. Clean air is required for maintaining the calibration of the standard. Several types of sample holders can be used with the instrument. It will accommodate a Filtrona absolute test head for making encapsulated rod pressure-drop measurements, or conventional holders having either single or double rubber dams (13) that attach to the in-• strument with a tapered-joint fitting. Pressure-drop Front-panel of the electronic pressure-drop measurements are made using a digital manometer system manufactured by Validyne Engineering Corporation (19414 Londelius Street, Northridge, CA, 91324, U.S.A.) . Two differential pressure transducers (D/P cells) are connected to the digital manometer: one for measuring the calibrated pressure drop of the laminarflow calibration standard, the other for measuring the sample pressure drop. The volumetric flow rate is adjusted using a micrometering valve that has high sensitivity in the desired flow-rate range. A surge tank is included to dampen vacuum supply surges. The source of vacuum is external to the instrument, and it is connected to the instrument through a quick-connect fitting. Interior of the electronic pressure-drop instrument.
1s connected through the lower quick-connect fitting. The switch, PUMP, applies 110 V power to a socket on the rear panel where a vacuum pump power cord may be attached. The switch, D.VAC., is a momentary switch that activates solenoid valves and diverts the vacuum supply to expand the test head diaphragm. The needle valve is centrally located for adjusting the volumetric flow rate. The digital manometer readout and controls are located to the right of the needle valve. The power to the manometer electronics is independent of the other instrument electronics, and it is controlled by the switch shown. Readout selection of the calibration standard pressure-drop transducer or the test sample pressuredrop transducer is made with the RUN-CALIBRATE toggle switch. The digital readout will read to the nearest millimeter of water pressure drop in the RUN mode and to the nearest tenth of a millimeter of water pressure drop in the CALIBRATE mode. To the right of the digital readout behind a cover plate are zero , and span controls for the transducers. Figure 4 is a view of the interior of the instrument showing the location of several of the important components. The manometer electronics are surrounded by heat insulation. The electrical components are also ventilated by perforations in the top and bottom of the case (not shown). These precautions are taken to insure that the laminar-flow element maintains the temperature of the ambient air entering the instrument. An electrical safety switch is included so that the power supply is cut off when the case lid is removed.
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Surge tank
A vacuum switch is included for transducer vacuum overrange protection. Figure 5 shows the instrument connected to a Filtrona absolute test head.
Instrument Operation
After fabrication and prior to use, the zero and span controls for the transducers must be adjusted and the laminar-flow calibration standard pressure drop determined and recorded at the standard 17.5 ml!s exit volumetric flow rate. The span controls are set by using a water column manometer in parallel with the transducers or, in the case of the sample pressure-drop trans- ducer, by using a pre-calibrated laminar-flow capillary standard having a pressure drop near the upper limit (650 mm of water) of the transducer range. The calibration standard pressure drop is then determined using a 600 ml spirometer for measuring and setting the standard volumetric flow rate. The calibration pressure drop is recorded on the instrument so that in subsequent testing the proper flow rate can be set by selecting the CALIBRATE mode, then adjusting the needle valve so that the calibration pressure drop appears on the digital readout. Sample testing can then follow by returning to the RUN mode. Periodically, or when there is suspicion of instrument malfunction, the proper operation of the instrument can be checked using a set of precalibrated laminar-flow capillary standards. It is recommended that the digital manometer power be left on continuously to maximize electronic component stability. The following procedure should be used in a sample measurement:
1. Attach the desired sample holder to the instrument. Table 1 shows the results of tests conducted simultaneously on the new instrument and the previously used manometer-type instrument. Data from the new instrument compare favorably with data obtained from the previously used instrument. The new instrument has operated more than a year without significant maintenance.
The most significant improvement incorporated in the design of the instrument is the inclusion of a built-in laminar-flow calibration standard. The pressure drop of the laminar-flow calibration standard is not sensitive to air density changes at the standard flow rate. Thus, it can be used to set the proper exit volumetric flow rate without regard to ambient conditions, e.g. altitude, weather conditions or the pressure drop of the sample. Also, the built-in calibration standard offers virtual independence from the use of external capillary standards and the associated problems of handling capillaries and capillary cleanliness and maintenance of calibration. It provides a simple, easy method of adjusting the flow rate when widely different sample pressure drops are measured. The response time of the pressure-drop transducers in the digital manometer is significantly less than that of water column manometers. Thus, substantial time is saved in pressure-drop measurement. There has been less readingerror with the digital readout of the new instrument. Binary coded decimal (BCD) and analog data outputs are included on the digital manometer. These outputs provide potential for automated data processing.
If sufficient data acquisition and data analysis capability is available for use with the instrument, data taken at non-standard flow rates could be corrected to data equivalent to that taken at the standard flow rate. This technique would eliminate needle valve adjustment for different sample pressure drops. Data could be collected simultaneously on flow rate (by reading the calibration standard pressure drop) and sample pressure drop. Then the sample pressure drop could be corrected to its value at the standard flow rate. A direct correction method might involve a valve positioner for the needle valve which would operate when the calibration standard pressure drop deviated from its calibration value.
SUMMARY
A compact, portable pressure-drop instrument that incorporates modern electronic pressure-drop measuring techniques has been designed and built. It includes a built-in laminar-flow calibration standard. The new design offers virtual independence from external capillary standards (and the associated problems of maintaining ea pillary cleanliness), fast digital readou t, potential for automatic data processing, and a simple method of flow-rate adjustment at different filter rod pressure drops. 
